Batch equilibrium and soil thin-layer chromatography (soil TLC) techniques were used to investigate the influence of different volume fractions (f s = 0.25, 0.50, 0.75 and 1.0) of organic co-solvents (acetone and methanol) on the adsorption and movement of endosulfan in three different types of Indian soils (silt loam, loam and sandy loam).
INTRODUCTION
The use of pesticides is well known in modern agriculture for plant protection and maximizing agricultural production. The adsorption and movement of pesticides in soils, which are essential, play a vital role in determining their efficacy for crop protection and their potential for environmental pollution (Lundie 1971; Weed and Weber 1974; Bailey and White 1979) . The frequent detection of pesticides in surface and ground water (Spalding et al. 1980; Peoples et al. 1980; Rothschild et al. 1982; Weaver et al. 1983 ) has increased the interest of both agricultural and environmental scientists towards the study of the adsorption and movement of pesticides in soils, as a means of overcoming the problems arising from the presence of pesticides in surface and ground water. Endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,4 ,3-benzodioxathiepine-3-oxide) is a non-systemic insecticide belonging to the cyclodiene group and is effective against several insects and mites on a variety of crops (Kullman and Matsumara 1996) . Its structure can be represented as:
In comparison to other chlorinated pesticides, it is hydrophobic and of low persistency. It has been ubiquitously detected in the atmosphere, soil, sediments, and ground and surface waters (Turner et al. 1997) . Several researchers (Ismail et al. 2002; Wadaskar et al. 2006; Kumar and Philip 2006) have studied the adsorption, desorption and mobility of endosulfan in Malaysian and Indian soils. Singh (1997) , Rawat et al. (1997) and Singh and Raj Kumar (2000a) have studied the effect of different factors such as organic matter, exchangeable cations, temperature and cationic, non-ionic and anionic surfactants on the adsorption and movement of endosulfan in soils. However, information on the adsorption and movement of endosulfan in aqueous organic mixed solvents (acetone, methanol) in Indian soils is very scanty in the literature (Singh and Raj Kumar 2000b) . Hence, an attempt has been made in the present study to examine the effect of water-miscible organic solvents (acetone, methanol) on the adsorption and movement of endosulfan in three different types of Indian soils and to verify the co-solvent theory proposed by Rao et al. (1985) . These studies should improve the understanding of the behaviour of endosulfan in the presence of organic solvents and may prove useful in assessing near-source endosulfan movement in soils in the event of spillage or discharge of organic wastes containing water-soluble solvents.
THEORY
The co-solvent theory proposed by Rao et al. (1985) was used to describe the adsorption of hydrophobic organic compounds onto soils from binary and mixed solvent systems. Several researchers (Walters and Gulseppl-Elle 1988; have applied the theory to the adsorption of several organic compounds having moderate and intermediate hydrophobicity. This theory may be expressed by the equation:
(1) where f s is the volume fraction of co-solvent and K mi and K wi are the mole-based partition coefficients (mol/g) for water/co-solvent mixtures and co-solvent free water, respectively. The term σ s reflects the solute-liquid interactions and may be obtained from the slope of the log-linear relationship between the mole fraction solubility and f s , and α is related to solute-soil and solvent-soil interactions via the liquid-phase and organic carbon-phase activity coefficients Fu and Luthy 1986a,b) . The statistical average of the volume-based adsorption partition coefficients, K D (mᐉ/g) may be determined from the relationship:
( 2) where C e is the equilibrium concentration of the solute in the liquid phase (µg/mᐉ) and x/m is the equilibrium concentration of the solute in the soil phase (µg/g), respectively.
The values of the mole-based equilibrium adsorption partition coefficient, K mi , were determined via the equation:
where V i is the molar volume of the liquid phase (mᐉ/mol). This theory is valuable for two reasons:
1. It enables predictions of the adsorption of organic solute from a specified mixture of water and miscible organic solvents. This has implications in understanding the fate and transport of organic contaminants in the real world, e.g. complex waste streams such as industrial wastes and landfill leachates. 2. It can be utilized to estimate the partition coefficient for adsorption from aqueous solution by plotting a graph of K Di versus f s and extrapolating to f s = 0.
The theory is particularly important because it is very difficult to determine the adsorption partition coefficient from water of highly hydrophobic compounds.
EXPERIMENTAL

Materials
The soils used in the present study were collected from the surface horizon (0-30 cm) of cultivated fields having no background of pesticide application from the village Lahrota in the Aligarh district (U.P.), the village Doiwala in the Dehradoon district and the village Narendra Nagar in the Tehri district (Uttaranchal) in India. The soil samples were air-dried, ground to pass through a 2 mm sieve and stored in plastic bags at room temperature. The physicochemical characteristics of the soils, which were determined using standard methods, are listed in Table 1 . Endosulfan was obtained from Indo Gulf Fertilizers & Chemicals Corporation Ltd., Sultanpur (U.P.), India. All other chemicals and reagents were of A.R. grade as obtained from Merck and CDH Chemicals Ltd. Stock solutions of endosulfan of concentration 200 µg/mᐉ were prepared by dissolving the requisite amount of endosulfan in acetone and methanol.
Adsorption studies
Adsorption experiments were carried out using the batch equilibrium technique. Duplicate soil samples (1 g) were equilibrated with 20 mᐉ of endosulfan solutions with concentrations of 5, 10, , 20, 25, 30, 40 and 50 µg/mᐉ, respectively, at different fixed volume fractions (f s = 0.25, 0.50, 0.75, 1.0) of acetone/water and methanol/water mixtures. Soil suspensions were maintained in an incubator at 25 ± 1ºC for 24 h and shaken mechanically for 3 h. Preliminary experiments indicated that a contact time of 24 h was of sufficient length to allow equilibrium to be attained. Subsequently, the suspensions were centrifuged at 15 000 rpm for 10 min using a Beckman model L3-50 ultracentrifuge. The amount of endosulfan in the supernatants was estimated spectrophotometrically (Maitlen et al. 1963) . This method has a detection limit of 1 µg/mᐉ. The amount of endosulfan adsorbed was calculated as the difference between the initial and equilibrium concentrations in solution according to the following expression:
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(4) where x/m is the surface concentration of endosulfan in the soil (µg/g), C 0 is the initial concentration of endosulfan in solution (µg/mᐉ), C e is the equilibrium concentration of endosulfan in solution (µg/mᐉ), V is the volume of the solution and W is the weight of soil employed.
Soil thin-layer chromatography (soil TLC)
The movement of endosulfan in the soils was studied using the soil TLC technique (Helling and Turner 1968; Singh et al. 1977) . Soil TLC plates of 0.5 mm thickness were prepared by spreading a soil/water slurry having a soil/water ratio of 1:2 onto 20 × 20 cm clean glass plates with the help of a TLC spreader. The plates were dried at room temperature and then activated by heating at 100-105ºC for 0.5 h, deactivated and stored in a desiccating chamber. Two lines were scribed on each plate at distances of 3 cm and 13 cm above the base to maintain a standard development distance of 10 cm on the plates. A 10 µᐉ volume of an endosulfan solution of 1000 µg/mᐉ concentration in acetone or methanol was applied as a spot onto the TLC plates with the help of the lambda pipette held 3 cm above the bottom of the plates. A 2 cm wide strip of paper towel moistened with the eluents (water and co-solvents) was wrapped around the bottom of the plates to prevent disintegration of the soil layer when it came into contact with the eluents. The endosulfan-spotted plates were eluted in distilled water and co-solvent (acetone and methanol) solutions of different volume fraction (f s = 0.25, 0.50, 0.75, 1.00), positioning the plates at an angle of 45º in the glass tank. After the eluent had migrated to a distance 10 cm from the base line, the plates were taken out and dried at room temperature. The movement of endosulfan was detected by spraying the plates with a 5% methanolic iodine solution. The development of dark brown spots indicated the presence of endosulfan. The mobility, R f , is given by R f = R 1 /10, where R 1 is the frontal distance travelled by the endosulfan; the movement of endosulfan was expressed in terms of the frontal R f values (Helling and Turner 1968). values. The higher adsorption on silt loam soil in both co-solvents may be due to the presence in the soil of a greater amount of organic matter, clay and calcium carbonate content, and to a greater surface area for the soil. The lower adsorption at high f s values was due to the increased solubility of endosulfan due to presence of co-solvents in the aqueous phase (Fu and Luthy 1986a,b) , with the affinity of endosulfan for the soils decreasing at increasing ratios of co-solvent mixtures. The higher adsorption observed at all f s values in methanol/water mixtures in comparison to acetone/water mixtures may be due to hydrogen bonding between the -OH group of methanol and the sulphoxide (>S=O) group (electron-donating group of endosulfan), whilst the lower adsorption observed in acetone/water mixtures may be due to dipole-dipole interaction with endosulfan. These two mechanisms of interaction could explain the reduced adsorption of endosulfan in acetone/water mixtures relative to methanol/water mixtures.
RESULTS AND DISCUSSION
All adsorption isotherms for soils in both co-solvent-water mixtures at all f s values could be described by the Freundlich isotherm equation: (5) where K and 1/n are constants depending upon the nature of the adsorbate, adsorbent and co-solvents in the system. The values of K and 1/n for soil/endosulfan combinations were estimated by linear regression of the plot of the log transformed data, with the values obtained being summarized in Table 2 . The units of the adsorption coefficient, K, are (µg (1 -n) mᐉ n )/g while 1/n is dimensionless and can be calculated from the linear plot of log x/m versus log C e . In all cases, the values of the coefficient of determination, r 2 (> 0.99), indicated that the Freundlich isotherm model fitted the experimental data reasonably well. The magnitude of K expresses the relative adsorption capacity of the adsorbate (Adamson 1967) for systems having comparable 1/n values at the same extent or degree of adsorption (Haque 1975) . The value of 1/n provides an idea of the adsorption intensity of a given adsorbent, which varies with the nature of the adsorbate. The values of 1/n < 1 for both co-solvents at all f s values indicate the degree of non-linearity between the solution equilibrium concentration and adsorption and are in agreement with the L-shape of the isotherms. The lack of linearity may be attributed to specific interactions existing between compounds with polar groups and the organic matter or the mineral fraction of the soils (Mingelgrin and Gerstl 1983; Karickhoff 1984; Spurlock and Biggar 1994) .
When the values of 1/n depart from unity in adsorption studies, the K D values are often determined in order to estimate the extent of adsorption under equilibrium conditions (Calvet et al. 1980) . In the present work, the statistical average of the K D values for co-solvent mixtures at all f s values were evaluated via equation (2), with the values obtained being summarized in Table 2 . The sequence of K and K D values also confirms that endosulfan adsorption was higher on silt loam soil followed by loam and sandy loam soils, that adsorption increased at lower f s values and that adsorption was higher in methanol/water systems relative to acetone/water systems at all f s values. The results are in agreement with the theoretical approach proposed by Rao et al. (1985) quantifying the adsorption and transport of hydrophobic organic chemicals from aqueous and aqueous/organic binary mixtures. These authors found that adsorption coefficients associated with aqueous/organic binary solvent mixtures decreased exponentially as f s increased. The higher values of K and K D at all f s values in methanol/water mixtures relative to acetone/water mixtures confirm that endosulfan adsorption was greater in methanol/water mixtures. The decrease in K and K D values with increasing f s in both co-solvent systems also confirms that endosulfan adsorption decreased with increasing f s values. The affinity of endosulfan towards the organic carbon (K oc ) and clay (K c ) contents of the soils was evaluated using the equations proposed by Chiou et al. (1983) and Grestl (1984) :
with the values so obtained also being summarized in Table 2 . It will be noted from this table that the sandy loam soil possessed higher K oc values relative to the loam and silt loam soils, which is common for the case of low organic matter soils. This is probably due to the clay contents of the soils being responsible for a significant proportion of the adsorption (Hamaker and Thompson 1972) . The present study shows that both the organic carbon and clay contents of the soils were responsible for endosulfan adsorption, with this being better correlated with the organic carbon content rather than the clay content since the K oc values were higher than the K c values. The results are in accordance with the work of Walker and Crawford (1968) and Stevenson (1976) who reported that, up to an organic matter content of ca. 6%, both organic and mineral surfaces are involved in adsorption. Stevenson (1976) pointed out that the amount of organic matter required to coat the clay would depend on the soil type and the kind and amount of clay present in soils.
The results of the movement of endosulfan in soils eluted with different volume fractions (f s ) of co-solvent/water mixtures were expressed in terms of the frontal R f values (average of three replicates) and are also summarized in Table 2 . The frontal R f values obtained from soil TLC studies are inversely proportional to the K and K D values and this confirms the above order of endosulfan adsorption for all the three soils at all f s values. The lower R f values in methanol/water mixtures compared to acetone/water mixtures also confirms the higher adsorption of endosulfan in the former system. The results are in accordance with the work of Hassett et al. (1981) .
The data obtained were also subjected to regression analysis by combining two or more variables with a view to ascertaining the relative importance of the soil parameters on endosulfan adsorption. Linear regression analysis between K D , K and the organic carbon content of the soils at all f s values gave a significant correlation (r 2 = 0.99). In stepwise multiple regression analysis at all f s values for all the three soils between K D , K, and the soil organic carbon content, clay content, pH and cation exchange capacity (CEC), the best fit was obtained with organic carbon and the CEC (r 2 = 1.00). The respective multiple regression equations obtained are listed in Table 3 . These equations show that although the organic carbon content of the soils is the dominating factor influencing the adsorption of endosulfan, the role of the clay content might also be important especially for soils where the organic matter content is low. The influence of both soil fractions may be due to the structure of the endosulfan molecule which contains both a hydrophobic section (hexachlorohexahydro) and a polar section (benzodioxathiopin-3-oxide). The colloidal fractions, organic matter and clay frequently influence the adsorption of pesticides with hydrophobic and polar groups in their molecular structure (Andrades et al. 2001; Arienzo et al. 1993; Crisanto et al. 1995; Sánchez-Camazano et al. 2000) .
The simple correlation coefficients between the R f values, the K D and K constants and the soil properties are listed in Table 4 . Insignificant negative correlations were observed between R f and K D and K at all f s values for both co-solvent/water mixtures. Negative correlations were observed with organic matter, clay and CEC values of soils with a higher or lower significance level. These negative correlations are consistent with the fact that as R f values increase, indicating an increase in mobility, a decrease in the adsorption of endosulfan occurs.
VERIFICATION OF THE CO-SOLVENT THEORY
The selected properties of methanol/water mixtures, such as the volume fraction of methanol (f s ), the mass fraction of methanol (f m ) and the mole fraction of methanol (f mol ) were evaluated via equations (8), (9) and (10), respectively: 
where V m , V w are the volumes, ρ m , ρ w are the densities and M m , M w are the molecular weights of methanol (m) and water (w), respectively. Liquid densities (ρ mix ) based on f m and data for 20ºC were taken from Table III of Perry and Chilton (1973) . The molar volume (V) was evaluated from the equation:
Using the volumes, densities and molecular weight of acetone in place of methanol, similar equations were used to evaluate the above properties in acetone/water mixtures. The values are summarized in Table 5 .
The adsorption isotherm data for both co-solvent systems, i.e. K D , K m , K moc and log K moc as tabulated in Table 6 , were used to evaluate the co-solvent theory. The K m values were determined by dividing the K D values by the molar volume of the liquid phase (V, mᐉ/mol), while the K m values were normalized relative to the organic carbon fraction (f oc ) of the respective soils to yield K moc values for both co-solvent systems. Linear regression of the combined log K moc data for the various soils led to the following relationships:
acetone/water mixtures: log K moc = -1.36f s + 2.92 (12) and methanol/water mixtures: log K moc = -0.96f s + 3.06 (13) by plotting log K moc versus f s (Figure 4 ). On the basis of the data for endosulfan adsorption onto the various soils studied, the values of log K moc could be well described by a single linear plot over Figure 4 . Plot of the logarithm of the adsorption partition coefficients, K moc , versus the volume fractions, f s , of acetone (-----) and methanol (---) in the aqueous phase. The linear plots depicted conform to the following relationships: plot 1 (methanol/water mixture): log K moc = -0.96f s + 3.06; plot 2 (acetone/water mixture): log K moc = -1.36f s + 2.92.
the entire range of f s studied for both co-solvent systems. These data show that the co-solvent theory applies to the adsorption of endosulfan in a similar manner to that observed for the adsorption of other solutes onto soils from acetone/water and methanol/water mixtures (Arienzo et al. 1993; Fu and Luthy 1986a,b) . The fact that the data lie on a single line when normalized on f oc is as expected from the co-solvent theory .
EXTRAPOLATED ESTIMATE OF AQUEOUS PHASE PARTITION COEFFICIENT, K DW
The intercept values of 2.92 and 3.06 quoted in equations (12) and (13) are virtually identical, with the average value being equal to 2.99. This is the logarithm of the aqueous phase partition coefficient (K DW , mol/g) for endosulfan as obtained from the adsorption data for acetone/water and methanol/water mixtures, respectively. It can be converted to conventional dimensionless units by the addition of log V (= 1.26) for water, thereby giving a value of 4.25 ml/g for the aqueous phase partition coefficient for endosulfan.
The values of the slopes (1.36 and 0.96) for the acetone/water and methanol/water mixtures depicted in Figure 4 correspond to the term -ασ s in equation (1), i.e. the slopes reflect the combined effects of both α and σ s. The term σ s represents the effect of acetone and methanol on the solubility of endosulfan. The corresponding values of σ s were calculated as proposed by Fu and Luthy (1986a,b) by using the values of 262 000 µg/mᐉ, 89 000 µg/mᐉ and 0.325 µg/mᐉ, respectively, for the solubility of endosulfan in acetone, methanol and co-solvent free water. This resulted in values of σ s equal to 1.60 and 1.20 for the acetone/water and methanol/water mixtures, respectively. The corresponding apparent values of α (as obtained by dividing ασ s by σ s ) were 0.85 and 0.80 for the acetone/water and methanol/water mixtures, respectively. Thus, the α values were less than unity in both co-solvents, suggesting that acetone and methanol co-solvent/soil interactions were possibly responsible for the more effective adsorption observed at high f s values. The lower value of α in methanol/water mixtures compared with acetone/water mixtures could indicate that the use of methanol led to a greater expansion of the soil organic matter matrix than acetone, thereby resulting in an increase in the accessibility of endosulfan to the soil organic matter. The manner in which this phenomenon impacts on the adsorption of endosulfan onto soils in the presence of these co-solvents is an issue for further study.
CONCLUSIONS
The adsorption and movement of endosulfan in soils from acetone/water and methanol/water mixtures containing different volume fractions (f s ) have been studied by batch shaking and soil TLC techniques. It is normally very difficult to determine the adsorption of endosulfan onto soils from aqueous solutions because of its low solubility in water. However, this problem can be overcome by measuring the adsorption of endosulfan from water-miscible organic solvents, as undertaken in the present study. The data presented here clearly demonstrate the validity of the co-solvent theory for predicting the adsorption of hydrophobic organic compounds from binary solvent mixtures. Extrapolation of the adsorption data from co-solvent/ water systems to f s = 0 allowed the aqueous-phase distribution coefficient, K DW , to be estimated. This supports our suggestion that partition coefficients should be determined in mixed solvents for hydrophobic pesticides, thereby allowing the corresponding aqueous-phase partition coefficients, K DW , to be determined. The movement of endosulfan in soils eluted with different volume fractions (f s ) of co-solvents was inversely proportional to the K and K D values.
